We investigate the delivery of regular and deuterated forms of water from prestellar cores to circumstellar disks. We adopt a semianalytical axisymmetric two-dimensional collapsing core model with post-processing gas-ice astrochemical simulations, in which a layered ice structure is considered. The physical and chemical evolutions are followed until the end of the main accretion phase. When mass averaged over the whole disk, a forming disk has a similar H 2 O abundance and HDO/H 2 O abundance ratio as their precollapse values (within a factor of 2), regardless of time in our models. Consistent with previous studies, our models suggest that interstellar water ice is delivered to forming disks without significant alteration. On the other hand, the local vertically averaged H 2 O ice abundance and HDO/H 2 O ice ratio can differ more, by up to a factor of several, depending on time and distance from a central star. Key parameters for the local variations are the fluence of stellar UV photons en route into the disk and the ice layered structure, the latter of which is mostly established in the prestellar stages. We also find that even if interstellar water ice is destroyed by stellar UV and (partly) reformed prior to disk entry, the HDO/H 2 O ratio in reformed water ice is similar to the original value. This finding indicates that some caution is needed in discussions on the prestellar inheritance of H 2 O based on comparisons between the observationally derived HDO/H 2 O ratio in clouds/cores and that in disks/comets. Alternatively, we propose that the ratio of D 2 O/HDO to HDO/H 2 O better probes the prestellar inheritance of H 2 O. It is also found that icy organics are more enriched in deuterium than water ice in forming disks. The differential deuterium fractionation in water and organics is inherited from the prestellar stages.
Introduction
A molecular cloud core is the formation site of stars. The gravitational collapse of cores leads to the birth of protostars, which are accompanied by surrounding disk-like structures, termed circumstellar disks. When star-disk systems are born, they are deeply embedded in the surrounding core, and evolve via the accretion of remnant material. In disks, grain growth and/or gravitational instability eventually lead to the formation of planets, although the timing of planet formation in the sequence of the physical evolution remains an open question (e.g., Shu et al., 1987; Testi et al., 2014; ALMA Partnership et al., 2015; Yen et al., 2016) .
It is known that water ice is already abundant in molecular clouds (Whittet, 1993) . One of the major goals in the field of astrochemistry is to reveal the water trail from its formation in molecular clouds and cores to the delivery to planetary systems , for a recent review). The level of deuterium fractionation in molecules (measured via the HDO/H 2 O and D 2 O/H 2 O abundance ratios for water) depends on their formation environments. This characteristic can allow us to gain insights into the water trail by comparing the deuterium fractionation in objects at different evolutionary stages. Recent interferometric observations have quantified the gaseous HDO/H 2 O ratio in the inner hot regions (>100 K) around deeply embedded low-mass protostars, where water ice has sublimated (e.g., Persson et al., 2014 ). The inferred HDO/H 2 O ratio is ∼10 −3 , which is similar to that in some comets in our solar system (e.g., Villanueva et al., 2009; Altwegg et al., 2015) . This similarity may imply that some cometary water originated from the embedded protostellar or earlier prestellar phases. On the other hand, given the variation in the HDO/H 2 O ratio among pristine solar system materials (i.e., comets and meteorites; e.g., Mumma & Charnley, 2011; Alexander et al., 2012) , the situation may be more complicated.
There have been numerous efforts to understand the water deuteration in star-and planet-forming regions using numerical simulations (e.g., Tielens, 1983; Aikawa & Herbst, 1999) . In this work, we focus on the delivery of regular and deuterated forms of water from prestellar cores to circumstellar disks. The disk formation stage is the connecting point of the interstellar chemistry and disk chemistry and thus the key to understanding the connection between both phases. Here we outline the water ice formation and deuteration in molecular clouds/cores and de-scribe the aim of this paper. The potential importance of (chemical) processing in disks themselves is discussed in Section 6.
Astrochemical models for clouds and cores in the local interstellar medium (ISM) have shown that deuteration of water ice can occur (too) efficiently owing to the low gas temperature (∼10 K) and the availability of cosmic rays as a source of ionization. Both are necessary to drive deuterium fractionation through isotopic exchange reactions in the gas phase, such as H + 3 + HD ⇋ H 2 D + + H 2 (Watson et al., 1976) . The elemental abundance of deuterium with respect to hydrogen is [D/H] elem = 1.5 × 10 −5 in the local ISM (Linsky, 2003) . The primary reservoir of deuterium is HD in the dense ISM. At low temperatures, the isotopic exchange reactions favor deuterium transfer from HD to e.g., H + 3 over the endothermic reverse direction. The endothermicity depends on the nuclear spin states of the reactants and the products (e.g., Hugo et al., 2009) . The enrichment of deuterium in e.g., H + 3 is distributed to both gaseous and icy molecules through sequential chemical reactions (Tielens, 1983; Millar et al., 1989) . Indeed pseudo-time dependent models for prestellar cores, in which the physical conditions are constant with time, usually predict an HDO/H 2 O ice ratio of the order of ∼10 −2 or even larger, which is greater than the upper limit on the HDO/H 2 O ice ratio inferred from infrared observations of ices in outer cold protostellar envelopes (< (2 − 10) × 10 −3 , Dartois et al., 2003; Parise et al., 2003) .
A promising solution to this contradiction is the large gradient of deuterium fractionation during water ice formation, originally proposed by Dartois et al. (2003) and recently reproposed by Furuya et al. (2015 Furuya et al. ( , 2016b ) based on gas-ice chemical simulations during the formation and evolution of molecular clouds. The basic idea is that (i) the majority of volatile oxygen is locked up in water ice and other O-bearing molecules in molecular clouds without significant deuterium fractionation and (ii) at later times, in prestellar cores, water ice formation continues with reduced efficiency but with enhanced deuterium fractionation. The enhanced deuterium fractionation in the latter stage can be triggered by a drop in the ortho-to-para nuclear spin ratio of H 2 , CO freeze-out, and the attenuation of the interstellar UV field (e.g., Roberts et al., 2002; Flower et al., 2006) . In this case, a small fraction of water ice (i.e., the outer layers of ice mantles) is formed with high deuteration ratios of 10 −2 , but the HDO/H 2 O ratio in the entire ice mantle is not very high (≪10 −2 ). This scenario is also consistent with the higher D 2 O/HDO ratio compared to the HDO/H 2 O ratio 1 measured in the inner hot regions around a Class 0 protostar, where water ice has sublimated (Coutens et al., 2014; Furuya et al., 2016b) . It also explains the higher levels of deuterium fractionation in formaldehyde and methanol than that in water in the inner hot regions around protostars (e.g., Parise et al., 2006) ; formaldehyde and methanol form via sequential hydrogenation of CO ice (e,g., Watanabe & Kouchi, 2002) primarily in prestellar cores, where deuterium fractionation is enhanced (Cazaux et al., 2011; Taquet et al., 2012; Furuya et al., 2016b) . In summary, the chemical and isotopic compositions of the ISM ice are characterized not only by the bulk ice composition, but also by the differentiation within the ice mantle, reflecting the physical and chemical evolution during the prestellar stages (e,g., Rodgers & Charnley, 2008; Boogert et al., 2015) . Visser et al. (2009b Visser et al. ( , 2011 studied the chemical evolution from prestellar cores to circumstellar disks with an axisymmetric two-dimensional (2D) collapse model. They suggested that disks contain significant amounts of interstellar H 2 O ice which has been delivered from cores without experiencing significant UV and thermal processing. In order to test this scenario observationally, we need a chemical tracer which probes the processing of water ice, i.e., deuteration. One may think that if the claim of Visser et al. were true, it would hold for HDO ice as well and the prestellar HDO/H 2 O ice ratio would be preserved. This assumption would be correct, if the ISM ices were well-mixed in terms of chemical composition. However, given the layered ice structure in the ISM, the situation for HDO can be different from that for H 2 O, because the upper ice mantle layers, where the significant fraction of HDO is present, interact with the gas phase more easily than the lower ice mantle layers.
The aim of the present work is to investigate the delivery of layered ice from prestellar cores to forming disks with a special focus on regular and deuterated water. We revisit the collapse model of Visser et al. with a multiphase gas-ice chemical model, in which the ice layered structure and deuteration are considered. In terms of chemistry, the protostar/disk formation may be divided into three stages: (i) processing of prestellar materials (gas and ice) by stellar heating and UV photons (van Dishoeck & Blake, 1998) , (ii) accretion shock heating upon disk entry (Lunine et al., 1991; Sakai et al., 2014) , and (iii) chemical evolution and redistribution of angular momentum (i.e., materials) in the forming disk. The main focus of this work is stage (i), although our model follows the physical and chemical evolution in the disk as well. The accretion shock heating is not taken into account in our model; for the dust grain size assumed in the present work (radius of 0.1 µm), the stellar heating of dust grains dominates over the shock heating (Visser et al., 2009b) . Preliminary results of this work are in part presented in Furuya et al. (2016a) , which will appear in the proceedings of the 6th Zermatt ISM Symposium. This paper is organized as follows. We describe our physical and chemical models in Section 2 and 3, respectively. In Section 4 we present the structure of water ice abundances and the deuteration ratios in an infalling envelope and in a forming disk in our fiducial model. Parameter dependences are discussed in Section 5. The implication of our results to arguments on the origin of disk/cometary water is addressed in Section 6. Differences between the level of deuteration in water and that in organics are also discussed. Our findings are summarized in Section 7.
Physical model
We simulate the physical evolution from the collapse of rotating prestellar cores to the formation of circumstellar disks, adopting the axisymmetric semi-analytical 2D model developed by Visser et al. (2009b Visser et al. ( , 2011 and adjusted by Harsono et al. (2013) . We briefly present features of the model; more details can be found in the original papers. The model describes the temporal evolution of the density and velocity fields in a semianalytical manner, following the inside-out collapse model with the effect of rotation (Shu, 1977; Cassen & Moosman, 1981; Terebey et al., 1984) and the one-dimensional accretion disk model with the α viscosity prescription (Shakura & Sunyaev, 1973; Lynden-Bell et al., 1974; Visser & Dullemond, 2010) . The vertical density structure of the disk is set by the assump- Fig. 1 . Spatial distributions of the gas density (left), dust temperature (middle), and stellar FUV radiation field normalized by cosmic ray-induced radiation field (10 4 photons cm −2 s −1 ; right) at t = 0.5t acc (top) and 0.9t acc (bottom) in our fiducial model. In the middle panel, contours are drawn at 100 K, 50 K, 30 K, and 20 K. Insets zoom in on the disk. The disk surface is shown by the gray solid line. tion of hydrostatic equilibrium, i.e., self-gravity of the disk is not considered. The disk surface is defined as regions where the ram pressure of infalling gas from the envelope to the disk equals the thermal pressure of the disk. The effect of magnetic fields is neglected except for the consideration of outflow cavities, which are added manually. The motivation behind this addition is to explore the impact of outflow cavities on chemistry through enhanced temperatures and stellar FUV radiation field. The position of the outflow cavity wall at a given time t is
where R and z are cylindrical coordinates (see Drozdovskaya et al., 2014 , for more details). t acc is defined as M 0 /Ṁ, where M 0 is the initial core mass andṀ is the accretion rate of infalling gas onto the star-disk system (Shu, 1977) . The t −3 dependence means that the opening angle of the cavity increases with time. Inside the cavity, the gas density is set to be a constant 10 4 cm −3 . The dust temperature and stellar FUV (far-UV, 6-13.6 eV) radiation field are critical for the chemistry. Given the density structure, they are calculated by solving the wavelengthdependent radiative transfer at each timestep with RADMC-3D 2 . The interstellar radiation field is neglected under the assumption that the core is embedded in an ambient molecular cloud. The gas and dust temperatures are initially set to be 10 K throughout the core. It should be noted that viscous heating, which is important for the temperature of the inner disk (DAlessio et al., 1997; Harsono et al., 2015a) is not considered. Since the main focus of this paper is the delivery of water ice from a protostellar envelope to a disk rather than processing in a disk itself, the omission does not affect our primary conclusions. In low 2 http://www.ita.uni-heidelberg.de/˜dullemond/software/radmc-3d/ density and UV irradiated regions, the gas temperature can be higher than the dust temperature (e.g., Draine, 1978) . We calculate the temperature difference between gas and dust using an analytical prescription based on detailed thermo-chemical models by Bruderer et al. (2012) (S. Bruderer 2015, private communication) . The impact of the gas-temperature modification is not significant at least for water chemistry discussed in this paper.
Initially, the core has a power-law density distribution ∝ r −2 , where r is the distance from the center of the singular core, with an outer boundary of ∼7000 au and core mass of M 0 = 1M ⊙ . The effective sound speed, which is a parameter to set the speed of the collapse expansion wave, is set to c s = 2.6 × 10 4 cm s −1 . In our fiducial model 3 , a solid-body rotation rate of the core is assumed to be Ω = 10 −13 s −1 , and thus the ratio of rotational energy to the gravitational energy is only ∼0.8 (Ω/10 −13 s −1 ) %. The adopted energy ratio is similar to the typical value inferred from observations of dense cores (Goodman et al., 1993; Caselli et al., 2002) . The α-viscosity of the disk is set to α vis = 10 −2 regardless of space and time. The protostar is assumed to be born at 2 × 10 4 yr after the onset of collapse (see Visser et al., 2009b , for the detailed discussion). The model follows the physical evolution until the end of the main accretion phase, t = t acc ∼ 2.5 × 10 5 yr, when the gas accretion onto the star-disk system is almost complete (>99 % of the total mass is in the star-disk system). Figure 1 shows the physical structure at t = 0.5t acc and 0.9t acc in our fiducial model. The disk outer radius increases with time and finally reaches ∼280 au at t = t acc (not shown). The disk is denser and colder than the envelope material, but warmer than 20 K. It is seen that the envelope regions close to the outflow cavity walls are subject to higher levels of stellar UV radiation, while the disk is heavily shielded from UV irradiation.
Chemical model
Fluid parcels are traced in the physical model, and a gas-ice chemical simulation is performed along the streamlines (e.g., Drozdovskaya et al., 2014) . The chemical evolution along a total of ∼35,000 streamlines is calculated for our fiducial model in order to investigate the envelope-scale and disk-scale chemical structures with their time evolution. The ∼35,000 fluid parcels are randomly distributed throughout the core at the onset of the collapse. We adopt the rate equation method and the chemistry is described by a seven-phase model, which is introduced as a natural extension of the three-phase model proposed by Hasegawa & Herbst (1993) . The three-phase model considers the gas phase, a surface of ice, and the bulk ice mantle, assuming that the bulk mantle has uniform chemical composition for simplicity. Our seven-phase model takes into account a depthdependent ice structure to some extent by considering the bulk mantle as five distinct phases at most. We chose the seven-phase model, considering the balance between the computational time and the resolution of an ice layered structure. A detailed description of the method is given in Appendix A. As chemical processes, we consider gas-phase reactions, interaction between gas and grain/ice surface, and surface reactions. We assume the top four monolayers of the ice are chemically active following Vasyunin & Herbst (2013) , i.e., the top four ice monolayers are considered to be a surface. The bulk ice mantle is assumed to be chemically inert in our fiducial model (i.e., P
We use the same chemical network as in Furuya et al. (2015) except that species containing chlorine, phosphorus, or more than four carbon atoms were excluded. The network is originally based on the gas-ice chemical reaction network of Garrod & Herbst (2006) supplemented by the high-temperature gas-phase reaction set from Harada et al. (2010) . The network has been extended to include singly, doubly, and triply deuterated species (Aikawa et al., 2012; Furuya et al., 2013) , and nuclear spin states of light species (Hugo et al., 2009; Hincelin et al., 2014) . In total, the network consists of 728 gaseous species, 305 icy species for each ice phase, and ∼85,000 reactions.
The binding energy of water on a surface is set to be 5700 K (Fraser et al., 2001) , which corresponds to a sublimation temperature of 100-150 K for the relevant density range in our model. Since the details of our treatment of the chemical processes are given in Furuya et al. (2015) , we present here only the treatment of chemistry induced by UV photons and the adopted initial molecular composition for the collapse model. Unlike Furuya et al. (2015) , the modified rate method of Garrod (2008) , which can take into account the competition between surface processes in the stochastic regime, is not used in this work in order to shorten the computational time. We confirmed that this omission does not significantly affect the water chemistry discussed in the present paper, by running our chemical model with the modified rate method for several streamlines. The potential rationales for the non-significant stochastic effect are that (i) a moderately high thermal hopping-to-desorption energy ratio of 0.5 is assumed in our model (also the surface diffusion through quantum tunneling is not allowed in our model), and (ii) our collapsing cores have a relatively high gas density (>10 4 cm −3 for 10 K and orders of magnitude higher densities for warmer regions). Both the slower surface diffusion and higher gas density (i.e., higher adsorption rates onto dust grains) tend to reduce the stochastic effect (e.g., Vasyunin et al., 2009 ).
Chemistry induced by UV photons

Gas phase
We consider chemistry induced by stellar and cosmic rayinduced UV photons. In the physical model, the wavelengthdependent stellar UV flux is calculated at each point in the core. We approximate the photodissociation/ionization rates by scaling the rates for the interstellar radiation field using the wavelength-integrated FUV flux at each point. Self-shielding for H 2 , HD, CO, and N 2 and mutual shielding by H 2 for HD, CO, and N 2 are taken into account (Draine & Bertoldi, 1996; Visser et al., 2009a; Wolcott-Green & Haiman, 2011; Li et al., 2013) . The effective column densities of H 2 and other self-shielding species at each point are calculated following the method of Visser et al. (2011) (see their Section 3.1). Photorates for cosmic ray-induced UV are calculated following Gredel et al. (1989) .
Solid phase
Photodissociation of water ice can lead to several outcomes including desorption of water and its photofragments into the gas phase (Andersson & van Dishoeck , 2008) . The total photodissociation rate (cm −3 s −1 ) of water ice on an icy grain surface is calculated similar to Furuya et al. (2015) :
where n gr is the number density of dust grains per unit gas volume, a is the radius of dust grains (10 −5 cm), f abs, i is the fraction of the incident photons absorbed by species i (i.e., water ice here), and F UV is the flux of stellar or cosmic-ray induced UV photons. θ i is the surface coverage of species i, which is defined as a fractional abundance of species i in the top four monolayers (i.e., on the surface;
i is the number density of species i on the surface). P abs, i is the probability of photoabsorption by one monolayer of pure water ice, which is calculated by convolving the wavelength-dependent photoabsorption cross sections of water ice (Mason et al., 2006) with the emission spectrum of the interstellar radiation field (Draine, 1978) and with that of the cosmic ray-induced radiation field (Gredel et al., 1989) . N layer is the number of monolayers of ice in total, and the term min(N layer , 4) in f abs, i corresponds to the absorption by up to four outermost monolayers. Arasa et al. (2015) studied the possible outcomes of H 2 O, HDO, and D 2 O photodissociation in H 2 O ice and derived their probabilities per dissociation (b j ), using molecular dynamics simulations. With their results, the rate of each outcome j is calculated by b j R tot ph, i . The photodesorption yield of water (desorbed as OX or X 2 O, where X is H or D) per incident UV photon is ∼ 3 × 10 −4 in our model. For the other icy species, the photoabsorption probability is calculated by
is the photodissociation rate in the gas phase for the interstellar radiation field. It is assumed that all photofragments remain on the surface for simplicity. Instead the photodesorption rates are calculated by Equations (2) and (3), but P abs, i and min(N layer , 4) are replaced by the experimentally derived photodesorption yield and min(N layer /4, 1), respectively (e.g., Bertin et al., 2012; Fayolle et al., 2013) . For species for which the yield is not available in the literature, we assume a yield of 10 −3 per incident photon.
UV photons can penetrate deep into the ice and dissociate molecules in the bulk ice mantle as well as those on the surface. In our fiducial model, it is implicitly assumed that the photofragments in the ice mantle recombine immediately. The effect of this assumption is discussed in Section 5.1.
Initial abundances
In order to set the molecular abundances at the onset of collapse, we reran the model of molecular cloud formation from diffuse H i dominated clouds for 8 × 10 6 yr (Bergin et al., 2004; Hassel et al., 2010; Furuya et al., 2015) , followed by a further molecular evolution for 3 × 10 5 yr under prestellar core conditions; the gas density, temperature, and the visual extinction are set to 2 × 10 4 cm −3 , 10 K, and 10 mag, respectively. The cosmic ray ionization rate of H 2 is set to be 5 × 10 −17 s −1 (Dalgarno , 2006) . The elemental abundance of deuterium with respect to hydrogen is set to [D/H] elem = 1.5 × 10 −5 (Linsky, 2003) . Figure 2 shows the initial ice layered structure for the collapse model. In the inner ice layers (i.e., ice layers formed in the early evolution; <50 MLs) H 2 O is the dominant constituent, while in the outer layers the fraction of CO and its hydrogenated molecules become significant. The trend is qualitatively consistent with infrared observations of the ISM ice (Pontoppidan, 2006; Öberg et al., 2011) . It is also seen that the fraction of deuterated water increases toward the outer layers as discussed in Section 1. The total H 2 O ice abundance with respect to gaseous hydrogen nuclei is 1.1 × 10 −4 . The HDO/H 2 O ratio and the D 2 O/HDO ratio in the entire ice mantle are 8.7 × 10 −4 and 4.9×10 −3 , respectively, which reproduce the observationally derived values toward the Class 0 protostar NGC 1333-IRAS 2A within a factor of 2 (Coutens et al., 2014) . The agreement between the modeled and observational values justifies our initial layered ice structure for the collapse model (see Furuya et al., 2016b , for further discussion).
In Table 1 , we summarize the parameters considered in this paper. The impact of some of them is discussed in Section 5.
Results from the fiducial model
Infalling envelope
Given the complexity of our physical and chemical models, we present the global picture of water ice chemistry rather than discuss the detailed chemical evolution of individual fluid parcels. Figure 3 shows spatial distributions of the fluid parcels on a 1000 au scale at t = 0.3t acc , 0.5t acc , 0.7t acc , and 0.9t acc . At t = 0.3t acc for example, the star-disk system has ∼30 % of the total core mass, while the envelope has ∼70 % of the total mass. Each fluid parcel experiences different physical conditions in the infalling protostellar envelope (see Figure 7 in Drozdovskaya et al., 2014, for examples) . Reflecting different histories, the H 2 O ice abundance (left panels) and the HDO/H 2 O ice ratio (right panels) vary among the fluid parcels. It is seen that the H 2 O ice abundance is almost unaltered in the infalling envelope except for the regions close to the outflow cavity wall, in which H 2 O ice is largely destroyed by stellar UV photons. The size of the regions where H 2 O ice is lost increases with time as the opening angle of the cavity increases and the density of the envelope decreases, both of which allow the deeper penetration of the stellar UV photons into the envelope. Note that the regions with a high dust temperature (>100 K), where water ice sublimates, are small (< several of tens au, depending on time) in the fiducial physical model. Thus thermal desorption is not important for the water abundance structure on a 1000 au scale. Our results are consistent with the earlier findings by Visser et al. (2011) , i.e., the majority of H 2 O is delivered to the disk as ice without significant UV processing and sublimation, while some H 2 O is lost in the protostellar envelope prior to disk entry.
The HDO/H 2 O ratio is found to be more sensitive to the stellar UV photons in the envelope (Figure 3 , right panels). The HDO/H 2 O ratio is lower than the initial value (∼10 −3 ) even in regions where the H 2 O ice abundance is almost unaltered (see Section 4.3 for more quantitative discussions). This is a consequence of the layered structure of the ice; most HDO is present in the upper layers of ice mantles, which are destroyed via photodissociation and thermal desorption of the photofragments prior to the destruction of the lower ice layers, where most H 2 O is present (see Figure 2) . The selective loss of HDO ice leads to the decrease in the HDO/H 2 O ratio, depending on streamline. In our fiducial model, water ice in the protostellar envelope has a variation in the HDO/H 2 O ice ratio ranging from ∼10 −4 to ∼10 −3 . We confirmed that the selective loss of HDO ice does not occur if we assume a well-mixed ice at the onset of collapse.
In summary, there are three cases for water ice chemistry in the infalling envelope, depending on the degree of UV processing experienced along the streamline: (i) the prestellar ice is almost preserved, and both the H 2 O ice abundance and the HDO/H 2 O ice ratio are almost unaltered during the collapse, (ii) only the upper layers of the prestellar ice are lost and then the H 2 O ice abundance is almost unaltered, while the HDO/H 2 O ice ratio is lowered, and (iii) the entire H 2 O ice reservoir is largely lost (and partly reformed). The importance of UV processing increases with time, which can lead to a time-dependent disk composition. We note that in case (ii), not only HDO ice but also other icy molecules which are formed later than H 2 O ice in the prestellar phase, such as regular/deuterated formaldehyde Figure 4 shows the H 2 O ice abundance (left panels) and the HDO/H 2 O ice ratio (right panels) on the spatial scale of the forming disk at the selected times. Reflecting the variation of the composition of the accreting materials, the disk composition varies with time. It is also seen that the disk composition at any given time is not spatially uniform, especially at later times.
Disk
For more quantitative discussions, we calculate the vertically averaged H 2 O ice abundance and the HDO/H 2 O column density ratio as functions of disk radius. We interpolated the molecular compositions of the fluid parcels to the cylindrical coordinates used in the physical simulation, adopting bilinear interpolation. From the gridded data, the vertically averaged abundance and the column density ratio for z/R < 0.2 at each radius are calculated, because the spatial distributions of the fluid parcels are sparser at z/R 0.2. We confirmed that at least 55-80 % of the gas mass at each radius lies below z/R = 0.2, depending on time, and that a change of the threshold z/R (0.15 or 0.25) does not affect the resultant abundance and column density ratio significantly. A small number of the fluid parcels have very high HDO/H 2 O ice ratios of 10 −2 -10 −1 (30 parcels out of ∼12,000 parcels at t = t acc for example). Those parcels were not considered in the above calculation, because their inclusion with the interpolation makes the radial profile of the HDO/H 2 O ratio very peaky in some regions (R = 50-130 au at t = t acc for example). The importance of such super deuterated water for the disk composition is unclear from our simulations. Figure 5 shows the vertically averaged H 2 O ice abundance (top) and the HDO/H 2 O column density ratio (middle) as functions of radius at selected times. At t < 0.7t acc , the averaged H 2 O ice abundance is very similar to the initial (precollapse) value of 10 −4 . At later times, the H 2 O ice abundance becomes lower than 10 −4 at 30 au R 100 au by up to a factor of 3, owing to the accretion of H 2 O ice-poor material onto the disk.
The HDO/H 2 O ice ratio is almost constant throughout the disk at t < 0.7t acc , and the ratio is higher than the precollapse value (9×10 −4 ) by a factor of up to 2, owing to the additional formation of a small amount (H 2 O abundance of ∼10 −6 ) of highly fractionated (HDO/H 2 O > 10 −2 ) water ice during the collapse. At later times, the HDO/H 2 O ice ratio tends to decrease with radius, owing to the accretion of material with a low HDO/H 2 O ice ratio (∼10 −4 ) onto the outer disk. This radial trend contrasts with the trend expected from the disk thermal structure; as the gas temperature decreases with radius, the level of deuterium fractionation is expected to increase with radius. For confirmation we ran the chemical model on the disk structure given at t = t acc for a selection of ∼200 spatial points, assuming that chemical species are initially in atomic form except for hydrogen and deuterium which are locked up in H 2 and HD, respectively. We assumed that the ortho-to-para ratio of H 2 is locally thermalized (i.e., OPR(H 2 ) = 9 exp(−170/T gas )) in this simulation for simplicity. After 2.5×10 5 yr (=t acc ), the vertically averaged abundance of H 2 O ice reaches ∼ 5 × 10 −5 at R 30 au, inside which the production of H 2 O ice is less efficient due to the higher dust temperatures ( 30 K) even in the midplane. The HDO/H 2 O ice column density ratio increases with radius as expected (dashed line in Figure 5 ). The qualitative difference between the radial profile of the HDO/H 2 O ratio in our fiducial model and that predicted from the disk thermal structure demonstrates the importance of the dynamical evolution and the ice layered structure, with the latter mostly established in the precollapse phase.
From the radial profiles of the H 2 O ice and HDO ice column densities, the average H 2 O ice abundance and HDO/H 2 O ice ratio in the whole disk are calculated, assuming axisymmetry. Figure 6 shows the bulk disk-averaged H 2 O ice abundance and HDO/H 2 O ice ratio as functions of time. The deviations from the precollapse values are factors of ∼2 at most, regardless of time. Therefore, when averaged over the whole disk, the forming disk contains an H 2 O abundance and a HDO/H 2 O ratio similar to those at the onset of collapse in our model, while the local vertically averaged disk compositions show larger differences, especially at late times ( Figure 5 ).
Details of water and deuterium chemistry
The above subsections have shown that water chemistry in our model is dominated by processes induced by stellar UV photons in the envelope. For a more detailed analysis, we define normalized fluence 4 for each fluid parcel along its streamline, Ft, as
where F * and F CRUV are the local flux by the stellar and cosmicray induced UV photons, respectively, and l(t) is the position vector of a fluid parcel in cylindrical coordinates at a given time t. Since the cosmic ray-induced UV photons set the minimum of the UV radiation field in our model, the normalized fluence can be used as a measure of the importance of the stellar UV radiation. In our model, F CRUV is constant, 10 4 photons cm −2 s −1 , for simplicity, neglecting an attenuation effect of cosmic rays for large column densities (Umebayashi & Nakano, 1981) . It is worth mentioning again that the disk is heavily shielded from the stellar UV irradiation (Figure 1 ). Ft = 1, i.e, when the cosmic ray-induced UV dominates over the stellar UV, corresponds to ∼ 2 × 10 7 incident UV photons per one dust grain up to t acc in our model. Figure 7 shows the abundances of H 2 O ice (top) and HDO ice (middle), and the HDO/H 2 O ice ratio (bottom) as functions of Ft in the fluid parcels which are located in the disk at t = t acc . It is clear that the cosmic ray-induced UV has a negligible impact on the water ice abundances, while the stellar UV dominates the water ice chemistry. An anti-correlation between the UV fluence and the H 2 O ice abundance is seen especially at Ft 500. The dashed blue and red lines in the figure represent the expected water ice abundances as functions of Ft when only photodesorption is an allowed chemical process and when only photodissociation/photodesorption are allowed, respectively: is similar to Equation (2) but n gr and F UV are replaced by the abundance of dust grains and the time-averaged flux along a streamline, Ft × F CRUV , respectively. On the evaluation of Equation (5), θ H 2 O was set to be 0.35 (i.e., the rest of the ice mantle consists of other species), which comes from the average fraction of H 2 O in the topmost ∼50 MLs of the ice mantle at the onset of collapse (cf. Figure 2) . That is smaller than the average fraction of H 2 O in the entire ice mantle, ∼0.5, but larger than the surface coverage of H 2 O ice, ∼0.2. b j is the branching ratio of each outcome j of H 2 O ice photodissociation (Arasa et al., 2015) . It is clear that the photodissociation of H 2 O ice is much more important for H 2 O ice destruction than photodesorption. Given the warm temperature of the protostellar envelope ( 20-30 K, see Figure 1 ), which reduces the probability of hydrogenation on the grain surface upon H atom adsorption, the reformation of H 2 O ice is not efficient enough to compensate for its photodissociation. However, considering the numerical data are (well) above the red line, the reformation of H 2 O ice is not negligible. The scatter in the H 2 O ice abundance at the high fluence regime likely comes from the difference in the dust temperature when water ice is (partly) reformed. The reformation of H 2 O ice via OH ice + H ice competes with the formation of CO 2 ice via OH ice + CO ice , the latter of which becomes more favorable with increasing dust temperature. At higher dust temperatures ( 40-50 K), where surface chemistry is inefficient, gaseous O 2 is the dominant product of water ice destruction, which forms via the neutral-neutral reaction in the gas phase, OH + O (see also Drozdovskaya et al., 2016; Taquet et al., 2016) .
The HDO ice abundance and the HDO/H 2 O ice ratio show more complex behavior: they start to drop at Ft ∼ 100, while in the higher fluence regime, where H 2 O ice starts to be largely destroyed and partly reformed, they tend to stay constant or increase with the fluence. The former indicates again that the HDO ice abundance is more sensitive to the photochemistry than that of H 2 O ice; the upper ice layers where most HDO is present are lost prior to the lower ice layers where most H 2 O is present. The red line in the middle panel shows Equation (5) higher fluence regime indicates that the level of deuterium fractionation in reformed water ice is similar to or higher than that in the original water ice (i.e., water ice before the destruction). This implies that using the HDO/H 2 O ratio as a probe of the prestellar inheritance of H 2 O is limited, because the HDO/H 2 O ratio does not allow distinction between the original and reformed ice. Alternatively, in the bottom panel of Figure 7 , it is seen that the ratio of D 2 O/HDO to HDO/H 2 O is different between the original and reformed water ice. This implies that the ratio of D 2 O/HDO to HDO/H 2 O is a better probe of the prestellar inheritance of H 2 O than solely the HDO/H 2 O ratio. We discuss this probe of the prestellar inheritance in more detail in Section 6.1.
The rationale for the high HDO/H 2 O ratio in the reformed water ice is twofold; (i) the photofragments are highly enriched in deuterium as the original ice was highly enriched in deuterium, (ii) it takes some time for the photofragments to reach the equilibrium level (i.e., low level) of deuterium fractionation at the warm temperatures of the envelope via gas-phase ionneutral chemistry. Then, if the timescale of ice reformation is shorter than the relaxation timescale of deuterium fractionation, the fractionation in the photofragments (i.e, the original ice) is transferred to the reformed ice. This is the case in our model. Additionally there are pathways of deuterium fractionation in the gas phase which can work even at warm gas temperatures, e.g., OH + D → OD + H + 810 K (Millar et al., 1989; Atahan et al., 2005) . OD in the gas phase can freeze out onto (icy) dust grains, followed by the formation of HDO ice via OD ice + H ice .
Parameter dependencies
Effect of bulk ice chemistry
In our fiducial model it is assumed that the top four monolayers of ice are chemically active, while the rest of the bulk mantle is inert. However UV photons can penetrate deeper into the ice (>100 MLs) and dissociate icy molecules. To check the impact of this assumption on the inert bulk mantle, we performed additional simulations in which bulk ice chemistry (including twobody reactions and photodissociation) in each mantle phase is taken into account (i.e., P
0 in Equation (A.8)). For two-body reactions, we assume that species thermally diffuse in ice and react with each other when they meet analogously to grain-surface reactions (Garrod, 2013) . We only allow reactions between species within the same mantle phases, assuming that vertical motion of species is limited ( 8 MLs, as each mantle phase has at most ∼17 MLs) and the longerrange vertical diffusion is not important. We set the energy barrier against thermal diffusion in ice to be 1.2E des , where E des is the binding energy on a surface. For photodissociation, we use a similar formula to Equation (2), but additionally consider UV attenuation in ice by evaluating the photon absorption probability in each mantle phase in order from upper to lower mantle phases. The effect of the UV attenuation is minor, as ice with a thickness of 100 MLs is optically thin against UV photons (Andersson & van Dishoeck , 2008) . For simplicity, we assume that all photofragments remain trapped in ice (i.e., the possibilities of reformation and desorption are not considered). Since the inclusion of the bulk ice chemistry increases the runtime of the chemical model considerably, we ran the model only for a selection of ∼200 fluid parcels, which are located in the disk at t = t acc . Figure 8 shows abundances of H 2 O ice (top) and HDO ice (middle), the HDO/H 2 O ice ratio, and the ratio of D 2 O/HDO to HDO/H 2 O (bottom) as functions of Ft in the selected ∼200 fluid parcels. We confirm that the bulk ice chemistry does not affect our qualitative chemical results, while it can affect the deuterated water ice abundances by a factor of several or less, depending on the streamline. The H 2 O ice abundance is similar between the two models; reformation of H 2 O ice via two body reactions (OH + H and OH + H 2 ) in the ice mantle compensates for the destruction by photodissociation in our model with the bulk ice chemistry. The red line in the top panel shows the expected H 2 O ice abundance when only photodissociation/photodesorption in the entire ice mantle is included. The significant deviation of the numerical data from the red line indicates the importance of the reformation of water ice in the bulk mantle. We note that for the assumed energy barrier (600 K), the timescales of thermal diffusion for H atom and H 2 in ice are longer than 1 Myr at 10 K. The warm temperature of the protostellar envelope promotes the diffusion of such light species inside ice and the reformation of water in our model. This contrasts with our claim in Section 4.3 that the warm temperature of the protostellar envelope slows down the reformation of water ice on an icy grain surface, because of the efficient thermal desorption of the light species at the ice surface.
Effect of rotation rate of a prestellar core
The rotation rate of the initial prestellar core is one of the critical parameters for the formation and evolution of circumstellar disks. In our fiducial physical model, the initial solid-body rotation rate of the core is assumed to be 10 −13 s −1 . In this subsection, we present the model with a lower rotation rate of 10 −14 s −1 and discuss its impact on the water ice chemistry 5 . The other physical and chemical parameters are the same as in our fiducial model. t acc is the same as in our fiducial model.
We confirmed that the spatial distributions of the H 2 O ice abundance and the HDO/H 2 O ice ratio on a 1000 au scale are similar to those in the fiducial model; the envelope material has variations in the H 2 O ice abundance and the HDO/H 2 O ice ratio depending on the degree of processing by stellar UV photons (see Appendix B for figures). The variations in the envelope, however, are not directly transferred to the disk in the model with the lower rotation rate. This contrasts with the fiducial model. Figure 9 shows the vertically averaged H 2 O ice abundance and the HDO/H 2 O ice column density ratio in the disk in the lower rotational core model as functions of radius. The outer disk radius at a given time is smaller than that in the fiducial model. The sharp drop of the H 2 O ice abundance in the inner regions is due to sublimation of water ice rather than the effect of UV photons. Both H 2 O ice abundance and HDO/H 2 O ice ratio are almost constant and independent of radius and time, but the HDO/H 2 O ratio is enhanced compared to the precollapse value by a factor of two. The enhancement is caused by the additional formation of a small amount of highly deuterated water ice during the col-
5
The model corresponds to case 3 in Visser et al. (2009b) and 'spread-dominated disk' case in Drozdovskaya et al. (2014) lapse as mentioned in Section 4.2 for the fiducial model. Because of the lower rotation rate, the envelope material which is exposed to the stellar UV radiation mostly accretes at small spatial scales (i.e., becomes part of the star) or enters into the outflow cavity and does not significantly contribute to the disk formation. Note that the material which is significantly processed by the stellar UV radiation in the envelope tends to have lower specific angular momentum than that which is not significantly processed, since the outflow direction and the rotational axis are aligned.
In summary, the initial rotational rate does not affect the water ice chemistry significantly on 1000 au and larger spatial scales, while it can affect the composition of forming disks as the fate of envelope material (falls onto stars, stays in disks, etc.) is largely decided by its initial specific angular momentum. As a cautionary note, the temporal evolution of the star-disk-envelope system and the outflow cavity are not treated in a self-consistent way in our model. Our model also does not consider the effect of magnetic fields explicitly, which may efficiently transfer angular momentum from disks to envelopes (magnetic braking; e.g., Basu & Mouschovias, 1994; Yen et al., 2015) . More sophisticated 3D non-ideal magnetohydrodynamics simulations of protostar/disk formation with chemistry are needed to fully confirm the above claim.
Discussion
Water deuteration as a probe of the prestellar inheritance of H 2 O
Comets are thought to be the most pristine objects of the cold ice-bearing regions in the solar nebula. Observations of cometary comae indicate that the HDO/H 2 O ratio ranges from 3 × 10 −4 to 11 × 10 −4 depending on the source (with no clear difference in the HDO/H 2 O ratio between Oort Cloud comets and Jupiter-family comets; e.g., Mumma & Charnley, 2011; Altwegg et al., 2015) . Based on these measurements, there are long-standing arguments on the origin of cometary water (e.g., Geiss & Reeves, 1981; Aikawa & Herbst, 1999) . The suggested possibilities range from prestellar inheritance to in-situ formation in protoplanetary disks as two extremes (e.g., Furuya et al., 2013; Albertsson et al., 2014; Cleeves et al., 2014 , for recent modeling work). The main difficulty in distinguishing between these two cases comes from the fact that deuterium fractionation of molecules driven by isotopic exchange reactions, such as H + 3 + HD ⇋ H 2 D + + H 2 , can occur efficiently both in the prestellar stages and in the cold midplane of protoplanetary disks (e.g., Aikawa & Herbst, 1999) .
Inheritance versus in-situ formation in disks
Our results (in part) support the prestellar inheritance scenario; interstellar water ice is largely delivered to forming disks without significant alteration. When averaged over the whole disk, our forming disk has an H 2 O abundance and HDO/H 2 O ratio similar to the precollapse values. On the other hand, due to the selective loss of HDO ice with respect to H 2 O ice, the local vertically averaged HDO/H 2 O ice ratio can be more divergent depending on time, distance from the central star, and the rotational rate of the prestellar core. Our fiducial model reproduces the variation in the HDO/H 2 O ratio observed in comets via the combination of ice formation in the prestellar stages and the selective loss of HDO en route into the disk (see Figure 5) .
However, even if this is the case, chemical processing in forming disks themselves can eliminate the prestellar inheritance. At high gas temperatures, isotopic exchange between HDO and H 2 in the gas phase, HDO + H 2 ⇋ H 2 O + HD, is thermally activated, and in equilibrium at T gas 500 K, the HDO/H 2 O ratio is close to the HD/H 2 ratio, i.e., 2 × [D/H] elem (Richet et al., 1977) . The rate coefficient of the forward reaction at >300 K was measured by Lécluse & Robert (1994) 6 , and the timescale of the forward reaction is given by τ ≈ 10 exp(5170 K/T gas ) (10 13 cm −3 /n H 2 ) yr, e.g., at T gas = 500 K and n H 2 = 10 13 cm −3 , τ ≈ 0.5 Myr. Thus the impact of this reaction is negligible on the timescale of star and disk formation, except for regions with both very high density and very high temperature, i.e., the inner regions of forming disks. Such reprocessed water could be mixed with unprocessed interstellar water via radial spreading and accretion (Drouart et al., 1999; Yang et al., 2013) . The resulting radial profile of the HDO/H 2 O ratio depends on how much material is transported from the very hot, dense inner regions to the outer cold regions. The presence of crystalline silicates in comets in our solar system (e.g., Zolensky et al., 2006) could imply that water was also efficiently thermally processed in the solar nebula (but see e.g., Vinković, 2009; Tazaki & Nomura, 2015) .
The work by Cleeves et al. (2014) puts limits on the efficiency of the thermal processing in the solar nebula. They show that if water deuteration is completely reset by processing (i.e., HDO/H 2 O = 2×[D/H] elem , but volatile oxygen is mostly locked up in H 2 O and CO), ionization and ice chemistry in Class II disks cannot produce enough HDO to explain the measured level of water deuteration in the solar system. The main limiting factor for the HDO production is the availability of volatile oxygen (see also Willacy et al., 2009; Furuya et al., 2013) . The claim is further strengthened if the cosmic rays are modulated by the stellar wind (Cleeves et al., 2013 (Cleeves et al., , 2014 . Therefore, at least some fraction of disk water would avoid the high-temperature processing in the solar nebula. In summary, it is now possible to explain the HDO/H 2 O measurements in comets quantitatively by the prestellar inheritance scenario being supported by astrophysical and chemical models.
On the other hand, it is also possible to explain the HDO/H 2 O measurements in comets via Class II disk chemistry with turbulent mixing, regardless of the initial disk compositions. Furuya et al. (2013) and Albertsson et al. (2014) independently claim that abundant water ice with cometary HDO/H 2 O ratios can be formed in their Class II disk chemical models with turbulent mixing, regardless of the initial HDO/H 2 O ratio. Turbulence can bring ice-coated dust grains from the disk midplane to the disk surface where stellar UV and X-ray radiation destroy ices. Similarly, turbulence can bring atomic oxygen from the disk surface to the midplane, where volatile oxygen is largely locked up in the ice. The cycle of destruction and reformation resets the chemical composition, and then the steady state composition in the turbulent disk model does not depend on the initial composition, but does depend on the thermal structure of disks. The models predict that the HDO/H 2 O ice ratio increases with radius reflecting the thermal structure of disks. As a cautionary note, it is unclear if the turbulent disk chemistry can reach steady-state in reality. The models of Furuya et al. (2013) and Albertsson et al. (2014) did not consider the effect of gas accretion onto the central star and dust evolution, which can lead to non-equilibrium chemical compositions. Furthermore, recent observations suggest that the turbulence in the surface layers of disks is not strong (non-thermal motion is less than 3 % of the local sound speed), meaning that turbulent mixing may also be weaker than commonly assumed in models (Flaherty et al., 2015) .
The ratio of D 2 O/HDO to HDO/H 2 O
The main question here is again how we can distinguish observationally between inheritance and in-situ formation of water in a protoplanetary disk. To complicate matters further, our models show that even if interstellar water ice is destroyed by stellar UV and reformed prior to the disk entry, the HDO/H 2 O ratio in reformed water ice is similar to the original value ( Figure  7) . One way could be to constrain the disk radial profile of the HDO/H 2 O ratio; the in-situ formation scenario predicts that the HDO/H 2 O ratio is an increasing function of distance from central stars, while the inheritance scenario predicts that the HDO/H 2 O ratio does not always increase with radius depending on parameters. Another way is to look for probes of prestellar inheritance other than the HDO/H 2 O ratio.
A possible alternative is the ratio of D 2 O/HDO to HDO/H 2 O (hereafter f D2 / f D1 ratio). In contrast to the HDO/H 2 O ratio, the f D2 / f D1 ratio is significantly different between the original and reformed water ices (10 versus ∼0.1; see the bottom panel of Figure 7 ). The water observations toward low-mass protostellar cores have suggested that the water ice formed in the prestellar stages may be characterized by a high f D2 / f D1 ratio of >1. Coutens et al. (2014) quantified the f D2 / f D1 ratio to be ∼7 in the hot inner regions (>100 K) around the Class 0 protostar NGC 1333-IRAS 2A, where water ice has sublimated. Quasi-steady state chemistry of water ice formation on grain surfaces leads to f D2 / f D1 ≤ 0.25 (cf. Rodgers & Charnley, 2002) . Furuya et al. (2016b) proposed that the anomalously high f D2 / f D1 ratio is a natural consequence of the chemical evolution during low-mass star formation: (i) the majority ( 90 %) of volatile oxygen is locked up in water ice and other O-bearing molecules without significant deuterium fractionation and (ii) at later times, water ice formation continues with reduced efficiency but with enhanced deuterium fractionation (the probability of deuteration with respect to hydrogenation is enhanced by a factor of 100). The enhancement of deuterium fractionation can be triggered by a drop in the ortho-to-para nuclear spin ratio of H 2 , CO freeze-out, and the attenuation of the interstellar UV field. When either of the two conditions is not satisfied, the f D2 / f D1 ice ratio is close to 0.25 or smaller. In the warm infalling protostellar envelope, it is difficult to satisfy both conditions, especially condition (ii). Therefore, the reformed water ice in the warm envelope has a lower f D2 / f D1 ratio than the original water ice.
The chemical processing in disks discussed above leads to the f D2 / f D1 ratio of around unity or smaller. The thermally induced exchange reactions XDO + H 2 ⇋ XHO + HD, where X is H or D, in the inner regions of forming disks would lead to f D2 / f D1 of unity in equilibrium at high temperatures (>500 K). We checked the Class II turbulent disk chemical model of Furuya et al. (2013) and found that the f D2 / f D1 ratio is around unity or smaller in regions where abundant water ice is present reproducing the cometary HDO/H 2 O ratios (see Appendix C). Taken together, the f D2 / f D1 ratio better probes the prestellar inheritance of H 2 O than the HDO/H 2 O ratio. The radial profiles of the f D2 / f D1 ice ratio in our models are shown in the bottom panels of Figures 5 and 9 . The f D2 / f D1 ice ratio is much larger than unity except for the regions where the H 2 O ice abundance is low, i.e., the f D2 / f D1 ratio is a measure of how much H 2 O was lost during the disk formation. The comparisons between the observationally derived f D2 / f D1 ratio in the bulk ice in clouds/cores and that in disks/comets would provide the strongest constraints on the prestellar inheritance of H 2 O. There is no detection of D 2 O in comets yet in the literature. In addition, whether f D2 / f D1 > 1 is common in low-mass star forming regions is not fully confirmed observationally. More D 2 O observations toward protostars and comets with detections of H 2 O and HDO are highly desired.
Water deuteration versus organics deuteration
Observations toward the inner hot regions (>100 K) around Class 0 low-mass protostars, where ices have sublimated, have found that formaldehyde and methanol show higher levels of deuterium fractionation than water typically by a factor of 10 or more (e.g., Parise et al., 2006; Coutens et al., 2013; Persson et al., 2014) . The inferred gas-phase fractionation ratios are thought to reflect those in the ice through thermal desorption. The idea is supported by 1D collapsing core models with detailed gas-ice chemical models (e.g., Aikawa et al., 2012; Taquet et al., 2014) . We confirmed that our 2D model at early times (t = 0.3t acc ), which considers the effect of stellar UV radiation unlike the 1D models, also supports this idea, although the size of the hot regions in our model is more compact (∼10 au) than the size of the emission estimated from the observations (several tens of au; Persson et al., 2013; Maury et al., 2014; Taquet et al., 2015) . Thus it is likely that the icy organics have higher deuteration than water ice in the ISM. This trend likely reflects the different epoch of their formation, i.e., H 2 O ice is formed earlier than HDO, formaldehyde and methanol ices during star formation. Recent astrochemical models have successfully reproduced this trend (Taquet et al., 2014; Furuya et al., 2016b) .
The main question here is whether or not the higher deuteration in organics is transferred to circumstellar disks. Hereafter we use the D/H ratio of molecules instead of the abundance ratio between the regular and deuterated forms; the former is often used in the solar system community. For molecule H n X,
−4 (e.g., Altwegg et al., 2015) . The detection of other deuterated molecules in comae is not reported except for DCN in comet Hale-Bopp. The measured D/H ratio of HCN is 2 × 10 −3 , which is higher than that of water in the same comet by a factor of ∼7 (Meier et al., 1998a,b) . The upper limits of the D/H ratios of methanol for CH 2 DOH and for CH 3 OD in comet Hale-Bopp are 8 × 10 −3 and 0.025, respectively (Crovisier et al., 2004) . Meanwhile, like comets, chondritic meteorites are thought to be pristine probes of the solar nebula. In meteorites, both hydrated minerals (i.e., water) and organic materials contribute to the bulk D/H ratio. Alexander et al. (2012) found that the bulk D/H ratio increases with the bulk C/H ratio in a sample of meteorites, which indicates organics are more enriched in deuterium than water (e.g., Robert, 2006; Ceccarelli et al., 2014 , for reviews). In summary, these measurements indicate that organics in pristine objects of the solar system are more enriched in deuterium than water, although the available data are limited for comets.
The top panel of Figure 10 shows the vertically averaged abundances with respect to H 2 O ice of H 2 CO ice, CH 3 OH ice, and the sum of icy organics as functions of radius at t = 0.5t acc and t = t acc in the fiducial model. The total abundance of icy organics was calculated by summing the abundances of icy molecules with at least one C-H bond. The lower panel shows their D/H column density ratios. The D/H ratio of methanol ice is calculated by 0.25 × (x CH 2 DOH ice + x CH 3 OD ice )/x CH 3 OH ice , because our chemical network does not fully distinguish the various possible isomers of radicals, such as CH 2 DO and CH 2 OD, which are relevant for methanol. The CH 2 DOH/CH 3 OD ice ratio in our model is close to the statistical value of 3 due to the incomplete distinction of the isomers. Also, our network does not include the substitution and abstraction reactions of formaldehyde and methanol. These reactions can enhance the level of deuterium fractionation in formaldehyde and methanol, and can affect the abundance ratio of methanol isomers (Watanabe & Kouchi, 2008) . In order to check the impact of our simplified treatment of icy methanol chemistry, we reran the molecular cloud formation model and the prestellar core model (Section 3.2) with a modified network. The modification includes (i) the distinction of the possible isomers, and (ii) the addition of the substitution and abstraction reactions following the method of Taquet et al. (2012) . The modified network gives a higher CH 2 DOH/CH 3 OD ice ratio (5 versus 3) and a higher D/H ratio of methanol (1×10 −2 versus 3 × 10 −3 ) at the onset of collapse compared to our fiducial network. The D/H ratios of icy organics are calculated from the total number of D atoms in all icy organics divided by the total number of H atoms in all icy organics as in Cleeves et al. (2016) . At t = 0.5t acc , the CH 3 OH ice abundance and the total abundance of icy organics are similar to their precollapse values. At t = t acc , the CH 3 OH ice abundance ranges from 1 to 10 % of water ice, which is lower than its precollapse value (see also Drozdovskaya et al., 2014) . CH 3 OH ice is selectively lost with respect to H 2 O ice, since CH 3 OH is mostly present in the upper ice layers in contrast to H 2 O which is mostly present in the lower layers (Figure 2 ). This is true for H 2 CO ice as well. The D/H column density ratios of icy organics in the disk are similar to or slightly higher than their precollapse values, regardless of time and radius, and are higher than the D/H ratio of water ice by a factor of 3 or more. As both regular and deuterated forms of methanol ice are mostly present in the upper ice layers, selective loss of deuterated methanol relative to its regular isotopologue does not occur unlike water, even if materials are subject to stellar UV radiation. The differences between the D/H ratios of the icy organics and water ice tend to remain or even become enhanced during the collapse and en route into the disk.
Summary
We have investigated the delivery of regular and deuterated water from prestellar cores to circumstellar disks. We used the axisymmetric 2D model originally developed by Visser et al. (2009b Visser et al. ( , 2011 to follow the physical evolution of collapsing cores. In the physical simulations, streamlines of fluid parcels were tracked, and gas-ice astrochemical simulations were performed along the streamlines. Our findings are summarized as follows.
1. There are three cases for water ice chemistry in the infalling envelope, depending on the degree of processing by stellar UV photons that the infalling fluid parcels experience: (i) the prestellar ice is preserved, and both the H 2 O ice abundance and the HDO/H 2 O ice ratio are unaltered during the collapse, (ii) only the upper layers of the prestellar ice are lost and then the H 2 O ice abundance is unaltered, while the HDO/H 2 O ice ratio is lowered (cf. Figure 2) , and (iii) the entire ice mantle is largely lost (and partly reformed). In the last case, the HDO/H 2 O ratio in reformed water ice is similar to the original value, because the photofragments are enriched in deuterium. 2. Our models suggest that interstellar water ice is largely delivered to forming disks without significant alteration. When averaged over the whole disk, the H 2 O ice abundance and HDO/H 2 O ice ratio are similar to the precollapse values to within a factor of ∼2, regardless of time in our fiducial model. On the other hand, the local vertically averaged H 2 O ice abundance and HDO/H 2 O ice ratio shows larger differences depending on time and distance from the central star, reflecting the variation of the composition of the accreting material. 3. How the chemical differentiation in the protostellar envelope is reflected in the forming disk depends on the solid-body rotation rate of the core in our models, which in turn determines the UV fluence and temperature variations that the infalling fluid parcels experience. As the outflow direction and the rotational axis are aligned, the more significantly processed material by the stellar UV tends to have a lower specific angular momentum. In the model with lower core rotation rate (Ω = 10 −14 s −1 ; in our fiducial model, 10 −13 s −1 ), the envelope material which was processed via the stellar UV radiation most likely eventually accreted onto the small spatial scales (i.e., star) or enters into the outflow cavity and does not contribute to the disk material. 4. There are long-standing arguments on the origin of cometary water based on the HDO/H 2 O ratio. The suggested possibilities range from prestellar inheritance to in-situ formation in protoplanetary disks. We propose that the ratio of D 2 O/HDO to HDO/H 2 O is a better probe to distinguish the two cases than solely the HDO/H 2 O ratio (see Section 6.1). The comparison between the observationally derived ratio in the bulk ice in clouds/cores and that in disks/comets would provide the strongest constraints on the origin of cometary water. Future D 2 O observations with H 2 O and HDO toward hot gas (>100 K) around protostars and toward cometary comae are crucial. 5. Icy organics are more enriched in deuterium than water ice in the forming disks in our models. The trend is inherited from the prestellar stages. Furuya et al. (2013) and . In regions between the dashed vertical lines, H 2 O ice is abundant (∼10 −4 ) and the cometary HDO/H 2 O ice ratio is reproduced. The top label represents the temperature in the disk midplane.
